The infrared
Introduction
While examining the infrared absorption spectra of szaibelyite, MgHBO3, for the purpose of investigating the state of hydrogen in the structure, fairy well defined absorption spectra were obtained in the wavelength range from 7 to 16 microns. It is obvious that these spectra in this range are due to the 'internal' vibrations of borate polyatomic ions in the structure of szaibelyite. A check shows that the absorption spectra are quite different from those previously reported of other borates such as boric acid or borax11). It appears therefore, that borate polyatomic ions possess frequencies which are sufficiently chracteristic to be useful for analytical purposes. Although extensive surveys of infrared absorption spectra of inorganic ions have been made8) 11) and it has been proved that they are potentially useful for analytical use, the study on the borates of mineralogical importance has been neglected. It therefore seemed worth while to examine the infrared absorption spectra of thess borate minerals.
If the correlation between the infrared absorption spectra and the structural types of borate polyatomic ions is made clear, it might well be possible to predict the structural types of polyatomic ions in borates whose crystal structures are unknown. This paper presents the spectra of 17 pure borate minerals and shows the relations bet ween the spectra and structural types of borate polyatomic ions whose structures have so far been determined. Finally, the structures of borate polyatomic ions are discussed.
Experimental
Materials.
The samples used for the present investigation are listed below. Spectroscopic procedures.
The samples were ground to fine powder to minimize the scat tering of light and rubbed between salt plates. All data were ob tained on a Hilgar H 800 spectrometer, with a rock salt prism , using
Nujol as the mounting medium. The region from 2 to 16 microns was scanned. No attempt was made to put the spectra on a quantitative basis which may not be necessary for the present purposes.
Results
The spectra in the wavelength range from 7 to 16 microns are shown in Figs. 1-6 . The range well covers the characteristic absorp tion spectra of borate polyatomic ions. Some of the borate bands might exist in the regions of Nujol bands, however it does not limit the purpose of the present investigation. Absorption spectra of BO3 groups.
BO3 groups present most simple spectra and are well studied in the crystalline boric acid7) and other simple orthoborates14 In this view point, the chemical formula of camsellite and sussexite may be expressed as H2Mg2O(B2O5) and H2Mn2O(B2O5) respectively.
Thus, the unit cells of these borates contain four of these chemical units16). The extreme fibrous nature of these borates will be based upon a chain linkage of MgO6 or MnO6 octahedra as in magnesium orthoborates17) 19) or in suanite18).
The frequencies of absorption spectra of suanite, camsellite and sussexite are compared in Table 1 together with estimated peak intensities. Absorption spectra of other borate polyatomic ions with triangular configurations.
In addition to the above groups, (B2O4) chain and (B3O6) ring structures are also known as with triangular configurations21) 25). The absorption spectra of the latter have been reported by F. A. Miller and C. H. Wilkins11), strong peaks of frequency 925 cm-1, 1310 cm-1 and medium 1175 cm-1, weak 862 cm-1 peaks being characteristic to the group. The spectra of (B2O4) chain structure were not obtained because of the difficulty of preparing crystals which contain this boron oxygen linkage. Absorption spectra of borate Polyatomic ions with hybrid configurations.
The hybrid configuration which consists of a BO3 triangle and a BO4 tetrahedron (Fig. 9) is the most interesting subject in the studiess of borate polyatomic ions. (B4O9) and (B3O8) groups and (B3O7) chain structures found in borax12), meyerhofferite4) and colernanite3 respective ly are built of these cofigurations.
The infrared spectra of these minerals are shown in Figs. 3 
Borate polyatomic ions
Inspite of the formal analogy that (B3O6) rings and (B2O4) chains contained in most of metaborates correspond to (Si3O9) rings and (SiO3) chains in metasilicates, the following two points may be mentioned as the characteristic differences between boron-oxygen arrangements and silicon-oxygen arrangements ; Firstly, boron atoms may have either triangular or tetrahedral coordination and secondly, the bonds between boron and oxygen are less ionic than those between silicon and oxygen.
The partial ionic character for B-O and Si-O bonds may be estimated from the differences of electron negativity of these atoms.
They are found as follows : petted for O < bond angle. The angle for the oxygen atom -of (B2O7) group found in pinnoite is markedly small. However, the value is less accurate because the structure of pinnoite was determined on the basis of the pseudo space group, P42/n, inspite of the evidence that the true space group of the mineral is P42/m. The real value of the bond angle might. be closer to the tetrahedral bond angle. Although the final atomic parameters of colemanite and meyerhofferite have not been ap peared, the similar bond angles are expected in the (13207) structural units in both the (B3O8) group of meyerhofferite and the (B3O7) chain of colemanite.
It is interesting to note that in the hybrid configuration where the oxygen atom is shared by a BO3 triangle and a BO4 tetrahedron, the bond angle for the oxygen atom takes the value in between of the other two cases discussed above.
It thus appears that the bonds between boron and oxygen are so strong and rigid that the oxygen bond angles found for the (B2O5) group in suanite and the (B2O7) group in pinnoite are always main tained in more complicated borate polyatomic ions which contain these groups as part of their polyatomic ions whatever the test of the struc tures may be like.
These fundamental boron-oxygen groups are shown in Fig. 10 . Other forms of separate boron-oxygen groups which have so far been found are shown in Fig. 11 where the (B2O5) and (B2O7) groups are indicated by thick lines for each group. Shapes of these two groups are also well preserved in boron-oxygen chains such as (B2O4) and (B3O7) which are shown in Flg. 12. Fig. 11 Forms of separate boron-oxygen groups.
B2O5 and B2O7 groups are indicated by thick lines.
In many borate polyatomic ions, oxygen may be replaced to a certain extent by hydroxyl. The description of boron-oxygen arrange ments through out this paper must therefore be taken to cover cases where partial replacement of oxygen by hydroxyl occurs.
Coordination of the boron atom.
Boron has been found at the center of either a tetrahedral group of four oxygen atoms or three oxygen atoms at corners of an equi lateral triangle. The bond distances which have been found in three fold groups vary from 1.32 to 1.40 A, and those in tetrahedral groups are around 1.47 A (1.41 A as found for BO4 group in teepleite5) and 1.56 A in (B2O7) group of pinnoite13) are the two extremes). A similar acute oxygen pyramid with a boron inside and near the basal plane has been found in the boron-oxygen network of boracite10)
in which the distance between boron and oxygen at the apex of the pyramid is calculated as 1.78 A. This kind of boron coordination is shown in Fig. 13c . Except separarte BO3 groups in orthobarates, the coplanar BO3 groups as a constituent element of a polyatomic ions also appear to have a tendency to form, with another oxygen atom, a very acute oxygen pyramid (Fig. 13 b) . The distances between boron and the fourth oxygen atoms found in various borates are listed as follows. It is interesting to note that, in such structures where the octa hedral oxygen groups with metal atoms (say magnesium) inside form endless chain, the BO3 groups and (B2O5) groups arrange themselves in different ways; e.g., in ludwigite, the planes of BO3 groups are at right angle to the chains, while, in suanite, the effective planes of the (B2O5) groups are inclined to the chains so that an oxygen in one (B2O5) group forms an acute oxygen pyramid with a BO ,3 group which is the cons tituent element of another (B2O5) group (Fig. 14) .
Classification of borate polyatomic ions.
As shown in the previous paragraph, the classification of borate polyatomic ions may rest on the three structural types; i.e. types with triangular-, tetrahedral-and hybrid configurations. Another way of classification will be made on the bassis of the configurations of the polyatomic ions as a whole, and the types of the ions thus classified will be 'separate group', 'chain', 'network' and perhaps 'sheet' However, it is also possible to classify them by the number of con stituent tetrahedra and triangles in the boron-oxygen groups or in the asymmetric unit of infinite groups. The borate polyatomic ions sum marized in Table 4 are classified in these ways.
The (B3O6) chain,mono-tetrahedral di-triangular borate chain, is the one found in monoclinic metaboric acid, HBO223), This chain struc ture also presents an example which well supports the discussion on the nature of B-O bond as given above because the asymmetric unit of the chain consists of a (B2O5) group and a BO4 tetrahedron. Although the detail account on the structure has not been reported, the chain structure may be schematically shown as given in Fig. 15 where it is compared with the other two borate chains. 
